The influenza A virus infects a broad range of species and spreads easily through the respiratory tract. Because of these characteristics, the influenza A virus has caused pandemic disease in humans and livestock. To investigate the early molecular responses after influenza A virus infection in chickens, we infected tracheal epithelial cells derived from 20-dayold chick embryos with influenza A virus (H1N1). The gene expression patterns of the infected tracheal epithelial cells were analyzed via DNA microarray at different time points (0, 6, 12, 24, and 36 hr) after viral infection. Differentially expressed genes were identified at 6, 12, 24, and 36 hours post infection. A total of 1,936, 2,168, 3,670 and 2,894 genes were upregulated (≥2-fold, P < 0.05), whereas 884, 592, 1,503 and 1,925 genes were downregulated at the respective time points (≤0.5-fold, P < 0.05). When the differentially expressed genes were functionally categorized, immune-related and defense response gene ontology terms were detected in 12, 24, or 36 hours post infection. Interestingly, in the defense response, most of the gallinacin (GAL) genes were rapidly induced within 24 hr post infection. Subsequently, we predicted transcription factor binding sites within promoters of the GAL gene family, and analyzed the gene expression pattern for the common GAL gene regulatory factors to identify the viral infection-induced immune mechanism. Our results might contribute to an understanding of early host responses and regulatory mechanisms for host defense peptide induction against viral infections in chicken.
INTRODUCTION
The influenza A virus (IAV), which is found in a wide range of hosts including humans, macaques, mice, swine, ducks, and chickens, causes a zoonotic infectious disease and leads to pandemics with serious consequences for mankind (Fouchier et al., 2004; Peiris et al., 2010; Pensaert et al., 1981; Zambon, 1999) .
Similar to mammals, birds basically possess an innate immune mechanism that can initially and nonspecifically detect and destroy infectious pathogens. The primary defensive barriers against these intruding pathogens include structural cells, such as epithelial and mucosal cells, phagocytic cells, such as macrophages and natural killer cells, inflammatory mediators, and cytokines. The early innate immune system initially recognizes pathogen-associated molecular patterns (PAMPs) via pattern recognition receptors (PRRs). To recognize PAMPs, PRRs can act ei-binding between hBD3 and glycoprotein B, the viral surface protein that facilitates cellular entry (Leikina et al., 2005) . The α-Defensins (HNP1-4, HD5, and HD6) and hBD3 can also inhibit herpes simplex virus infection by acting at different stages of the viral lifecycle. Additionally, when mouse β-defensin1(mBD1)deficient mice were infected with the influenza virus, the body weights of the infected mice decreased rapidly, and these animals died earlier than did the wild-type controls (Ryan et al., 2011) . In addition, it was proposed that the genomic variation β-defensin family might be involved in the host immune response to avian influenza viruses (H5N1) in ducks (Huang et al., 2013) . However, the defensin regulatory mechanisms during influenza virus infection remain unclear, although it has been reported that high levels of Vit. and its receptor VDR are associated with natural resistance to HIV-1 infection by inducing anti-HIV-1 defensins in human mucosa (Aguilar-Jimenez et al., 2013) .
In birds, transcriptional host responses to various subtypes of IAV have been studied in vitro and in vivo. The studies showed different gene expression patterns according to the virus subtypes, immune maturation, in vitro and the in vivo conditions (Reemers et al., 2009; Reemers et al., 2010; Sutejo et al., 2012; Wang et al., 2012) . However, a large group of cytokines, interferons, and apoptotic factors showed a common expression pattern by the infection of various IAV subtypes to induce innate immune responses.
Since the A/WS/33 strain of IAV has been found in humans (Smith et al., 1933) , (H1N1) A/NWS/33, a variant of the virus strain, showed a first successful adaptation to mice (Stuart-Harris, 1939) and chickens (Hook and Wagner, 1958) . Thus, the interaction between chickens and A/NWS/33 could be considered as responses between host and a prototype of IAV for interspecific adaptation. Recently, it was reported that an engineered influenza virus (H5N1) can be transmitted between ferrets (Imai et al., 2012) . Furthermore, the subtype (H9N2) of the avian influenza A viruses have caused transient infections in humans (Butt et al., 2005) . These studies suggest that variants of IAV could have a capability of interspecies infection by the process of rearrangement causing it to be more transmissible or pathogenic. Therefore, the primary IAV is important for understanding the virulence of IAV variants among interspecies.
In this study, we analyzed the gene expression patterns of chicken tracheal epithelial cells (TECs) after H1N1 (A/NWS/33) infection and found gene expression patterns, which were related to innate immuneresponsive regulation to explain the antiviral activity in chicken TECs. Our data may contribute to an understanding of fundamental host responses to general IAV virus infection.
MATERIALS AND METHODS

Animal Care and General Experimental Procedures
The study protocol and standard operating procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the National Institute of Animal Science in Korea. The experimental procedures used for animal management, reproduction, and embryo manipulation followed the standard program of our laboratory.
Isolation of Tracheal Epithelial Cells (TECs) from Chicken Tracheae
TECs were derived from the tracheae of 20-dayold chick embryos. The tracheae were rinsed twice with 1× PBS and dissected longitudinally. The dissected tracheae were incubated in Dispase I solution (2.5 units/ml) at 37 • C for 2 hr and then incubated at 37 • C for 5 min after adding 100 μl of Collagenase I (1 mg/ml). The inner epithelial cell sheets were separated from the treated tracheae with sharpened forceps. The separated cell sheets were dissociated via pipetting in DMEM, and the dissociated cells were cultured in DMEM with 1% L-glutamine (200 mM,), 0.1 mM β-mercaptoethanol, 1% non-essential amino acids, 1% penicillin/streptomycin, and 10% fetal bovine serum (FBS) at 37 • C with 5% CO 2 until passage 2.
Viral Infection of the TECs
In a previous study, influenza A/NWS/33 (H1N1) virus was grown in the allantoic sacs of 11-day-old chicken embryos at 37 • C for 2 days. The allantoic fluid was harvested, aliquoted, and stored at −70 • C until further use. The viral titer of the allantoic fluid was determined as the 50% egg infective dose (EID50). Briefly, 10-fold serial dilutions of the allantoic fluid were injected into embryonated eggs, and the viral presence in the allantoic fluid of each egg was determined according to the viral hemagglutination capacity . In the challenge study, the cultured TECs were inoculated with 200 μl of H1N1 viral supernatant (10 5 TCID 50 /ml) at 37 • C with 5% CO 2 for 40 min. The infected TECs were incubated in media with 0.05% trypsin-EDTA (Gibco/BRL Life Technologies, Carlsbad, CA) at 37 • C with 5% CO 2 for 6, 12, 24, and 36 hr (Table 1) .
RNA Extraction and Microarray
RNA extraction was performed using an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the TECs 10 5.5 10 4.6 10 5.1 10 5.4 10 6.4 10 5.7 MDCKs 10 4.7 10 5.1 10 5.4 10 5.1 10 5.4 10 5.5 manufacturer's instructions after IAV infection. For each RNA sample, the synthesis and hybridization of the target cRNA probe were performed using the Agilent Low Input QuickAmp Labeling Kit (Agilent Technology, Santa Clara, CA) according to the manufacturer's instructions. Briefly, each 25-ng total RNA sample was combined with T7 promoter primer mix and incubated at 65 • C for 10 min. The cDNA master mix (5× first strand buffer, 0.1 M DTT, 10 mM dNTP mix, and AffinityScript RNase Block Mix) was prepared and added to the reaction mixture. The samples were incubated at 40 • C for 2 hr, after which the RT and dsDNA synthesis were terminated via incubation at 70 • C for 15 min. The transcription master mix was prepared according to the manufacturer's protocol (nuclease-free water, 5× transcription buffer, 0.1 M DTT, dNTP mix, T7-RNA polymerase blend, and cyanine 3-CTP). The dsDNA transcription was performed by adding the transcription master mix to the dsDNA reaction samples and incubating at 40 • C for 2 hr. The amplified and labeled cRNA was purified on RNeasy mini columns (Qiagen) according to the manufacturer's protocol. The labeled target cRNA was quantified using an ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE). After determining the labeling efficiency, each 1,650-ng sample of cyanine 3labeled target cRNA was fragmented by adding a 10× blocking agent and 25× fragmentation buffer and incubating the mixture at 60 • C for 30 min. The fragmented cRNA was suspended in 2× hybridization buffer and directly pipetted onto an assembled Agilent Gene Expression 4 × 44K Microarray. The arrays were hybridized at 65 • C for 17 hr in an Agilent hybridization oven (Agilent Technology, USA). The hybridized microarrays were washed according to the manufacturer's protocol (Agilent Technology, USA).
Data Acquisition and Analysis
The hybridization images were analyzed using an Agilent DNA microarray scanner (Agilent Technology, USA), and data quantification was performed using the Agilent Feature Extraction 11.5 software package (Agilent Technology, USA). The average fluorescence intensity was calculated for each spot, and the local background signal was subtracted. All data normalization and fold-changed gene selection were performed using GeneSpringGX 7.3.1 software (Agilent Technology, USA). The Agilent one-color normalization method was performed for data transformation as follows: measurements were set from <5.0 to 5.0 and the per chip normalization was set at the 50th percentile. Reliable genes were filtered using flags according to the Agilent manual. The averages of the normalized ratios were calculated by dividing the average of the control normalized signal intensity by the average of the test normalized signal intensity. Functional gene annotation was performed according to the Gene Ontology TM Consortium (http://www.geneontology.org/index.shtml) using GeneSpringGX 7.3.1.
Quantitative RT-PCR
To estimate the gene expression levels, 1 μg of total RNA from each sample was used to create singlestranded cDNA with the Superscript III First-Strand Synthesis System (Invitrogen). The reaction mixture contained 20 ng of cDNA, 10 pmol of the primer pair, and 2× Power SYBR Green PCR Master Mix (Applied Biosystems) in a total volume of 20 μl. The GAL gene-specific primer pairs were designed using Primer-BLAST (http://www.ncbi.nlm.nih.gov/ tools/primer-blast/; Table 2) . A real-time quantitative reverse transcription-PCR (qRT-PCR) analysis of the GAL gene family was performed on an Applied Biosystems 7500 sequence detection system. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous control. The cycling parameters were as follows: reverse transcription at 48 • C for 30 min, AmpliTaq activation at 95 • C for 10 min, denaturation at 95 • C for 15 s, and annealing/extension at 60 • C for 1 min (the cycle was Table 3. repeated 40 times). Triplicate cycle threshold (CT) values were analyzed using Microsoft Excel according to the comparative CT (ΔΔCT) method provided with the SDS software (Applied Biosystems). The Student t test was used for the statistical data analysis conducted in SAS version 9.2 (SAS Institute, Cary, NC). The values were first normalized to the endogenous reference gene (GAPDH) and then presented as the fold change relative to the uninfected calibrator sample in relative quantification (RQ) units. Error bars indicate the calculated maximum (RQMax) and minimum (RQMin) expression levels and represent the standard errors (SE) of the means of the expression levels. The error bars are based on the 95% confidence level of the RQMin/Max. If the error bars for any two samples did not overlap, the expression levels of those samples were significantly different (P < 0.05).
RESULTS AND DISCUSSION
Analysis of Differentially Expressed Genes (DEGs) in the Microarray
To understand the host response mechanism during an early infection process (IAV), TECs derived from the tracheae of 20-day-old chicken embryos were infected with IAV. A total of 20,801 genes from the infected TECs were time-dependently analyzed via microarray at 0, 6, 12, 24, and 36 hour post-infection (Hpi). When we compared the gene expression profiles of 6, 12, 24, and 36 Hpi from 0 Hpi, 1,936, 2,168, 3,670 and 2,894 genes were upregulated in 6, 12, 24, and 36 Hpi, respectively (≥2-fold, P < 0.05), whereas 884, 592, 1,503 and 1,925 genes were downregulated, respectively, in the same time points (≤0.5-fold, P < 0.05) (Supplementary Data 1). MITF, STAT5B, PPARG, JAG2, FGF10, CACNB4, IL15, CHD7, BCL6, FAS, CD28, SGPL1, PTPRC,  IKZF1, LYN, SWAP70, CEBPG, TGFBR1, TACC3, CARD11, HDAC4, CCNB2, TNFSF11, TGFBR3,  JAK2, IRF4  GO:0002684  positive regulation  of immune system  process   PTPRC, PLDN, ADORA2B, LYN, IKZF1, IL6ST, STAT5B, F2RL1, CACNB4, IL15, CARD11, CD47,  BCL6, THBS1, CD28 GO:0006952 defense response NFKBIZ , IL1R1, BMP2, IL1RL1, MAP2K3, CEBPG, LYZ, GAL13, GAL4, SMAD1, GAL10, GCH1,  GAL9, IFNA3, GAL1, HDAC4, CD44, BNIP3L 
Expression of Immune-regulatory Genes after IAV Infection
The host produced chemotactic (chemokines), proinflammatory, and other immunoregulatory cytokines in response to IAV infection. The produced cytokines activated antiviral, antibacterial, antiproliferative, and immunomodulatory functions of the host binding to their specific cell surface receptors (Julkunen et al., 2001) . IFNα/β, type I interferons, and IFNγ, type II interferons, are a major cytokine to suppress viral infection. IFN-α/β induces interferon-induced protein kinase (PKR), RNAaseL/2-5 oligoadenylate synthetase (OAS), and Mx proteins, which have antiviral activities. (Muller et al., 1994; Stark et al., 1998) . IFNγ also has a critical role for innate and adaptive immunity against viral, some bacterial, and protozoal infections. Especially, IFNγ activated macrophages and induced the Class II major histocompatibility complex (MHC) molecule expression (Schoenborn and Wilson, 2007) .
From the analysis of DEGs, the upregulation of IFNα/β or IFNγ was not detected while the expression of those receptors such as IFNAR1, IFNGR1, and IFNGR2 was induced in the infected TECs (Figure 1) . These results suggested that the IAV-infected TECs could activate the immune system by external type I and II interferon signal transduction.
In previous studies for chickens and humans, Reemers et al. (2009) analyzed the gene expression profiles of chicken tracheae that had been infected in vivo and in vitro with IVA (H9N2) and found that type I IFNrelated genes encoding cytokines such as IL-1β and IL6 were primarily upregulated in in vivo trachea (Reemers et al., 2009) . IL-1β, IL8, and IL18 were also upregulated in the early stage (1-week-old chick trachea) rather than the late stage (4-week-old chick trachea) by H9N2 infection (Reemers et al., 2010) . CCL20, IHIF1, IFNβ, IL8, IL16, OASL, and ZC3HAV1 were induced by H1N1-infected chicken fibroblasts (CEFs), and H1N1, H5N2, and H9N2-infection commonly increased expression of TNFSF10 in human lung epithelial cells (Sutejo et al., 2012) . When our results were compared to these studies, IL1-β, IL8, IFIH1, CCL20, OASL, ZC3HAV1, and TNFSF10 showed the distinct induction patterns in H1N1-infected TECs (Table 3 ). In addition, we found the noticeably induced genes which were related with interferon regulatory factors, cytokine receptors, and tumor-necrosis factors in H1N1-infected TECs (Figure 1) .
From these results, we speculated that the distinctive immune response could occur according to specificities of hosts and IAV subtypes although common immune responses with viral adaptation existed in IAV-infected hosts.
Gene Ontology (GO) Clustering according to Biological Processes
To investigate changes in the biological processes associated with the differentially expressed genes (DEGs) in the infected TECs, gene ontology (GOs) of the DEGs were analyzed via DAVID (http://david.abcc.ncifcrf.gov/summary.jsp). Generally, an immune system against a virus is divided into innate immune responses and adaptive immune responses. In the initial stage of viral infection, the host responses include the activation of innate immunity and death of infected cells via cytotoxic lymphocytes such as natural killer (NK) cells. After viral invasion of the host cells, the interferon (IFN) signaling and cytokine expression are induced to mediate stimulation of adaptive immunity, a process that involves cytotoxic T cells (CTLs) and the direct inhibition of viral replication/cytolysis or induction of apoptosis via intracellular signaling (Barber, 2001) . According to the GO analysis, the genes that were upregulated after IAV infection were categorized into 148, 338, 316, and 275 gene ontology terms (GOTs) in 6, 12, 24, and 36 Hpi, respectively, whereas the downregulated genes were categorized into 181, 82, 123, and 131 GOTs, respectively, at the same time points. From the analysis of GO, immune system development (GO:0002520) was detected in 12, 24, and 36 Hpi. In addition, positive regulation of immune system process (GO:0002684) and defense response (GO:0006952) were detected in 12 Hpi, and adaptive immune response (GO:0002250) was detected in 24 Hpi (Table 4 ). From analysis of gene expression for each GOT, most defense-response-related genes were upregulated from 12 Hpi, while adaptiveimmune-response-related genes such as NFKB2, CD74, ADAM17 and NBN were mainly upregulated after 24 Hpi (Figure 2) . Therefore, these data suggested that the IAV-infected TECs induced innate immune system within 12 Hpi and the adaptive immune system were activated between 12 and 24 Hpi, overlapping between the innate and the adaptive immune system under our experimental conditions.
IAV-related GAL Gene Expression
Among the defense response-related genes, we found that the GAL (GALLINACIN, also known as chicken β-defensin) family genes such as GAL1, 4, 9, 10, and 13 were upregulated beginning at 6 Hpi. When we performed qRT-PCR for the GAL gene family, GAL 1-11 were significantly induced within 24 hr post-IAV infection whereas a similar IAV infection-related induction of GAL 12 was not detected (P < 0.05; Figure 3 ). Thus, we supposed that the GAL gene family could have a simultaneous induction mechanism to protect early IAVinfection and activate immune responses.
Regulation of GAL Genes by IAV Infection
In a previous study, it has been suggested that all vertebrate β-defensins were evolved and duplicated from a single gene. Especially, 13 β-defensin genes (GAL) were encoded in the chicken genome, clustered densely within a 86-Kb distance on the chromosome 3q3.5-q3.7. In addition, GAL 1-7 were mainly expressed in bone marrow and the respiratory tract, and GAL 8-13 were expressed in more various tissues including liver and the urogenital tract (Xiao et al., 2004) . However, transcriptional regulatory mechanisms of these genes during inflammation and infection are still unclear. To examine the regulatory mechanism associated with GAL gene expression of IAV-infected TECs, we predicted transcription factor binding sites in the 300-bp 5 upstream regions of GAL 1-11 genes using Promo (http:// alggen.lsi.upc.es/cgi-bin/promo v3/promo/promoinit. cgi?dirDB=TF 8.3; Supplementary Data 2), and 18 common transcription factors, which were matched to DEGs from the microarray, were selected from the predicted transcription factors (≥2-fold or ≤ 0.5-fold, P < 0.05; Figure 4 ). Next, we used Pathway Studio (Pathway Studio Web Version 1.1) to investigate the interacting factors of the 18 common transcription factors. Twenty-three regulatory genes were selected from the gene network analysis based on the 18 common transcription factors (Table 5) . When these 23 genes were checked against the DEGs from the microarray (≥2-fold or ≤0.5-fold, P < 0.05), 10 genes that interacted with the 18 common factors were newly selected (Figure 4) . Among the 18 transcription factors and 10 interacting factors, FOS, a nuclear phosphoprotein, formed heterodimers with the JUN/AP1 transcription factor and regulated TGF-beta-mediated signaling by forming a multimeric SMAD3/SMAD4/JUN/FOS complex. FOS plays important roles in signal transduction, cell proliferation, and differentiation (Zhang et al., 1998) . Expression of the Fos gene was also found to increase in an IAV-infected mouse lung (Preusse et al., 2013) , and it was proposed that the JUN/FOS/AP1 complex played an important role in human defensin induction via the retinoic acid signaling cascade (Harder et al., 2004) . In addition, the ATF3/JUN heterodimer was found to increase transcriptional activity (Hsu et al., 1992; Hsu et al., 1991) . In our results, the FOS gene, which was predicted as a binding factor to the common regulatory elements of GAL genes, was upregulated, and JUN gene expression was also upregulated as a potential ATF3-interacting candidate gene. This finding suggests that FOS might directly cooperate with JUN and ATF3 to induce GAL gene family expression. The vitamin D receptor (VDR) has been reported as an endogenous immunomodulator that protects against HIV-1 infection and correlates closely with the expression of human defensins in response to HIV-1 infection (Aguilar-Jimenez et al., 2013) . CEBPA and CEBPB have also been reported to regulate various host defense peptides such as hepcidin (Courselaud et al., 2002) and CAMP (Park et al., 2011) . We also found upregulation of VDR, CEBPA, and CEBPB after IAV-infection. In addition, we found that the expression patterns of MYOD1 and IKZF2 were similar to the induced GAL genes after IAV-infection. When we displayed binding sites of these transcription factors in the 300-bp 5 upstream regions of GAL 1-11 genes, most binding sites were located in multiple regions ( Figure 5 ). Therefore, the 18 transcription factors including VDR, CEBPA, CEBPB, MYOD,1 and IKZF2 might directly contribute to GAL gene family induction via several independently regulated pathways in response to influenza virus infection ( Supplementary Data 3) . Collectively, we described differentially expressed host genes and suggested significant roles and induction pathways for the chicken defensin family to act as a front-line barrier in the host viral defense mechanism in chicken TECs in response to an IAV infection. Further, it is necessary to confirm antiviral activities of the defensin family and binding affinities between the candidate transcription factors and the promoters to clarify the roles of defensin family. Our result could contribute to a basic understanding of host immune defense responses against IAV infection in chickens.
